ABSTRACT Sleep is a fundamental and vital physiological function. Getting enough quality sleep is necessary to a person's mental health, physiological well-being, quality of life, and safety. Sleep-disordered breathing, specifically obstructive sleep apnea can result in serious health issues, including hypertension and stroke. The current approaches for diagnosing sleep disorders are burdensome, intrusive, and can affect the patient's sleep quality. As a result, there is a crucial need for less cumbersome systems to diagnose sleep-related problems. In this paper, we evaluated the capacity of the microbend fiber optic sensor to monitor heart rate and respiration in a nonintrusive manner. In addition, we tested the capacity of the sensor in discriminating between shallow breathing and no breathing. The proposed sensor was compared with the three-channel portable monitoring device (ApneaLink) in a clinical setting during a drug-induced sleep endoscopy. Across all ten patients recruited for our study, the system achieved satisfactory results in the mean heart rate and the mean respiratory rate with an error of 0.55 ± 0.59 beats/minute and 0.38 ± 0.32 breaths/minute, respectively. Besides, the Pearson correlation coefficient between the proposed sensor and the reference device was 0.96 and 0.78 for heart rate and respiration, respectively. On the contrary, the proposed sensor provided a very low sensitivity (24.24 ± 12.81%) and a relatively high specificity (85.88 ± 6.01%) for sleep apnea detection. It is expected that this preliminary research will pave the way toward unobtrusive detection of vital signs in real time.
I. INTRODUCTION
Sleep is one of the most important elements every human needs similar to oxygen, water, and food. Nevertheless, most people do not realize the importance of getting enough quality sleep. As stated by the U.S. National Sleep Foundation (NSF), millions of people do not have sufficient sleep, and many may experience a lack of sleep.
To give an example, an individual might have the condition of sleep-disordered breathing (SDB). The SDB or a.k.a., obstructive sleep apnea syndrome (OSAS) is the most common sleep-related breathing disorders. The estimated prevalence of moderate-to-severe OSAS is reported to be 6 to 17% in the general population, being as high as 49% in the elderly [1] . The OSAS is described by recurrent events, usually longer than 10 seconds of a complete (apnea) or partial (hypopnea) closure of the airflow throughout sleep. These episodes are typically joined with blood oxygen desaturation and arousals from sleep. OSAS can negatively affect the patient's cognitive function, mode, and quality of life. Besides, patients affected with OSAS are at a considerable risk of developing cardiovascular morbidity, and mortality [1] - [3] .
In-lab polysomnography (PSG) is currently the most reliable approach to assess OSAS severity. The PSG test involves multiple physiological sensors attached to the body to record several body functions during sleep, i.e., brain wave activities, breathing patterns, heartbeats, blood oxygen levels, body movements, etc. Despite the apparent feasibility of the PSG to provide real-time and accurate information about OSAS; it introduces some limitations, i.e., complexity, invasiveness, time-consuming, excessive cost, and lack of privacy. As a result, there is an increasing demand from healthcare communities to look for novel unobtrusive methods that are inexpensive, non-disruptive, and more widely applied than the standard full polysomnography to assess and diagnose sleep disorders [4] . Recent alternatives such as ballistocardiography (BCG) can provide unobtrusive monitoring of physiological signals without the necessity of any wearable sensors connected to the patient's body.
The BCG is a method which can be used to record the mechanical activity of the body originated during each heartbeat nonintrusively. Various nonintrusive sensors are employed to measure the BCG signal, for instance, piezoelectric film sensors, electromechanical film sensors, polyvinylidene-fluoride sensors, fiber Bragg grating sensors, microbend fiber optic sensors, pneumatic and hydraulic sensors, pressure sensors, and load cells [5] , [6] . The benefit of these sensors is that they can be embedded in ambient locations, i.e., chairs, beds, and cushions or even in weighing scales [7] , [8] . The first of these sensors was a static charge sensitive bed introduced by [9] . To give an example, a noninvasive analysis of physiological signals (NAPS TM ) system was developed by the Medical Automation Research Center at the University of Virginia, which can measure physiological and environmental characteristics in a noninvasive manner [4] . The system used two resilient force coupling pads placed under the bed sheet of a standard hospital bed to detect the minute forces produced during cardiac contraction and relaxation. Moreover, the system could detect body movements from the respiratory effort and postural changes. Additionally, it could detect environmental changes such as room temperature or light levels. The system was tested and validated on 40 healthy subjects in an overnight study. The system provided satisfactory results compared to the reference electrocardiogram, pulse oximetery, and respiratory inductance plethysmography [10] - [12] .
Few approaches in existing literature are dedicated to unobtrusive OSAS detection. For example, Mack et al. [13] advised to use the NAPS TM system for unconstrained apnea and arousal detction, the proposed system was validated using data from forty subjects. Hwang et al. [14] proposed to use a polyvinylidene-fluoride film sensor placed on top of the mattress for apneic events' detection in a dataset with thirtytwo subjects. Beattie et al. [15] reported the use of load cells located below the supports of bed to detect apneic events for forty-five subjects, where the apneic detection is done manually by an expert. Finally, Waltisberg et al. [16] introduced a sensor with integrated strain gauges installed below the bed mattress to detect apneic and limb movement events for nine subjects.
PSG is used to assess the performance of methods mentioned above to identify apneic events, and it is worth mentioning that a fair comparison between different methods is difficult to make because the BCG's morphology is highly dependent on the type of the sensor and its location.
The contribution of this article is to present preliminary results of a nonintrusive vital sign (i.e., heart and respiratory rate) monitoring system for sleep apnea patients using a microbend fiber optic sensor (MFOS). In addition, we assessed the capacity of the proposed system for nonintrusive OSAS detection as compared to the most commonly used portable monitoring device (ApneaLink, ResMed, San Diego, California, USA).
Typically, microbend fiber optic sensors were used for identifying environmental variations such as pressure, temperature, acceleration, and magnetic and electric fields [17] , [18] . The MFOS is a suitable candidate for unobtrusive physiological signs monitoring since it is particularly sensitive to pressure fluctuations induced by the ballistic forces of the heart, and it does not require close contact with the body. It is also relatively small, lightweight, and affordable. Therefore, it is suitable for long-term monitoring of vital signs without disturbing patient's comfort. Unlike electrical sensors, optical sensors are immune to electromagnetic and radio frequency interference. Hence, they are useful for realtime monitoring of physiological signals during magnetic resonance imaging [19] . In the subsequent sections, we first discuss the data collection protocol and the principles of the proposed sensor in Section II-A. Afterward, we explain the algorithms used to analyze the sleep data in Section II-B. At last, we discuss the sleep data processing algorithms and conclude the paper in Section III, Section IV, and Section V, respectively.
II. METHODOLOGY A. EXPERIMENTAL SETUP AND DATA COLLECTION
The primary objective of the current study is to examine the accuracy of a single mat integrated with MFOS for unobtrusive vital signs monitoring such as heart and respiratory rates, while the secondary purpose is to examine its performance for unobtrusive detection of apneic events against a home sleep apnea device, i.e., ApneaLink.
The National Healthcare Group (NHG) Domain Specific Review Board (NHG DSRB Ref: 2016/00553) has approved the study and informed consent forms were obtained from the patients before data collection. All the procedures were implemented in agreement with the guidelines and regulations of the NHG DSRB. After informed consent, we recruited twelve patients suspected to have OSAS scheduled to undergo drug-induced sleep endoscopy in the operating theatre of Khoo Teck Puat Hospital. Only ten patients completed the study with complete data. Table 1 shows patients' demographic information and sleep apnea severity. Data was continuously collected during and after a druginduced sleep endoscopy procedure. Patients were placed in a supine position on the operating table under propofolinduced moderate to deep sedation under processed electroencephalogram bispectral index monitoring guidance for about 30 minutes. Then they were transferred to a recovery room for about 90 minutes. For each patient, we collected sleep data using our proposed sensor and the ApneaLink device. The fundamental principle of the proposed sensor is based on the light intensity modulation produced by the microbending effect in multimode optical fibers [19] - [21] , which is used as a transduction mechanism for recognizing pressure.
If a pressure force is introduced to the sensing mat ( Fig. 1) , the separation between a pair of microbenders (tooth blocks) alters. Hence, the sinusoidal amplitude of the squeezed multimode optical fiber alternates due to the ballistic forces of the heart. This ballistic force regulates the intensity of the light traveling through the fiber, and this modulation is subsequently recovered as ballistocardiogram and respiratory signals [22] , [23] . The mat processing unit operates on battery power, with a sampling frequency of 50Hz. It has a 16-bit ADC (internal memory storage is 4 GB) which enables continuous recording when the patients are transferred from the operating room to the recovery room. Fig. 2 shows how the sleeping mat is positioned on the operating room table approximately below the patient's chest and stomach. The second measurement device is a portable device, which measures airflow via a nasal pressure cannula, respiratory effort through a belt placed around the chest, heart rate and pulse oximetry using finger pulse sensor and pulse oximeter with sampling frequencies of 100, 10, 1 and 1Hz respectively. It is battery powered with 16-bit ADC and 15MB internal storage. The apnea-hypopnea index (AHI), i.e., the mean number of all apnea classes (unclassified, central, mixed, obstructive) and hypopneas per hour in the evaluation period was used in the analysis for our study, while the default parameters of the ApneaLink device for apneas and hypopneas were used. The device is highly sensitive and specific in estimating AHI against the in-lab PSG.
''An apnea was identified as a decrease in airflow by 80% of baseline for at least 10 seconds. The ApneaLink default maximum apnea duration was set at 80 seconds. A hypopnea was identified as a decrease in airflow by 50% of baseline for at least 10 seconds. The ApneaLink default maximum hypopnea duration was set at 100 seconds'' [24] - [28] . The ApneaLink results were also manually scored by a medical expert to avoid any short evaluation period. In addition, they were stored in EDF format, while keeping the patient's data anonymized for further analysis with the proposed method.
B. DATA ANALYSIS
The raw data was stored in 5-minute chunks on a Micro SD-Card embedded in the processing unit. Then all datafiles were sent to a personal computer for data processing. In general, three signals can be extracted from the raw data including body movement, heartbeat, and respiration.
One of the biggest challenges of unobtrusive sensing is the body movement. Although it plays a vital role in sleep stage estimation [29] - [32] , it has an unfavorable impact on the quality of physiological signals. As a result, the first step in our analysis was to identify and remove the body movement as explained in Algorithm 1. After that, BCG and respiratory signals were extracted from the bandpass filtered data. At last, apneic and non-apneic events were detected based on the respiratory signal. Fig. 3 presents the overall flowchart of the suggested system. To reach our goal, three different states were recognized for each 5-minutes recording using a sliding time-window with a size of 500 samples (10 seconds) as follows. First, if the standard deviation (SD) of the time-window is greater than twice the mean absolute deviation (MAD) of all time-windows SD, the state is considered as a body movement (Fig. 4) . Second, if the SD of the time-window is lower than a fixed threshold of 15 mV, the state is regarded as no activity (unoccupied mat sensor). Finally, in other cases, the state is identified as asleep (Fig. 5) , where apneas and vitals can be measured. This process was repeated for all the data-files on the Micro SD-Card, and the sleep data were then concatenated together to form a continuous time series, i.e., excluding body movements and unoccupied bed events. 
if SD(w j ) > 2 * M then 10: state ← bedmovement 11: else if SD(w j ) < Tr then 12: state ← bedempty 13: else 14: state ← sleep 15: end if 16 : end for Algorithm 1 illustrates the sleep data processing of a patient's bed state.
The BCG (2 nd row of Fig. 6 ) and respiratory (3 rd row of Fig. 6 ) signals were extracted from the sleep data (1 st row of Fig. 6 ) using a Chebyshev type I bandpass filter. The lower and upper cutoff frequencies of the filters were (2.5Hz -5Hz, 0.5dB) and (0.01Hz -0.4Hz, 0.5dB) respectively. The maximal overlap discrete wavelet transform (MODWT) with the multi-resolution analysis [33] was implemented for the heart rate (HR) estimation [23] . The BCG signal was cut up into approximation and detail information by passing through low pass and high pass filters, respectively without subsampling the filter coefficients. The wavelet biorthogonal 3.9 (bior3.9) basis function with level 4 was adopted for the decomposition process. The 4 th level smooth coefficient (second row of Fig. 6 ) was selected to measure the HR because the periodicity of the maxima showed an agreement with heart cycles. On the other hand, three steps VOLUME 6, 2018 FIGURE 6. The first, second, and third rows represent a typical 10-second time-window of the raw signal, the BCG signal along with the 4 th wavelet smooth coefficient, and the respiratory signal respectively; amplitude values were normalized between −1 and 1.
were applied to the respiratory signal to measure the respiratory rate (RR). First, second, and third, the nonlinear trend was eliminated by subtracting a 3 rd order polynomial fit, the detrended signal was filtered using a Savitzky-Golay smoothing filter (window length of 11 and polynomial order of 3), and a simple peak detector was utilized to detect the respiratory peaks.
The sleep apnea was identified using an adaptive threshold method based on the SD of the respiratory signal. For each patient, the respiratory signal was divided into 30 k ) is less than 30% of the maximum SD of the three 10-second epochs, the current epoch is considered as an apneic event. Otherwise, it is considered as a non-apneic event. The threshold was selected based on the mean performance evaluation of all patients for apneic event detection. We selected Cohen's Kappa coefficient as a mean performance [14] because it is thought to be a robust tool to evaluate the agreement between two raters.
III. RESULTS

A. HEART AND RESPIRATORY RATE ESTIMATION
The reference HR and RR were obtained from the ApneaLink finger pulse sensor and chest belt, respectively. The mean HR was estimated in beats per minute (beats/minute) using a 10-second time window, whereas the mean RR was computed in breaths per minute (breaths/minute) using a 10-second time window. To measure the performance of the introduced algorithms for HR and RR estimation, we used the mean absolute error (MAE). The Bland-Altman plot [34] , as well as the Pearson correlation coefficient, were also used to check the agreement between the reference and estimated values. The MAE for the mean beats per minute and the mean breaths per minute of all ten patients is listed in Table 2 and Table 3 respectively. Averaged across the ten patients, the MAE error was 0.55 ± 0.59 beats/minute and 0.38 ± 0.32 breaths/minute for the mean HR and mean RR respectively. Fig. 7(a) and Fig. 7(b) show the Bland-Altman plot and the Pearson correlation plot of the HR between the two methods. The limit of agreement was [−5.12, 4 .92] beats/minute (standard deviation σ = 3.07 beats/minute). The Pearson correlation coefficient was 0.96. In the same manner, Fig. 8(a) and Fig. 8(b) give the Bland-Altman plot and the Pearson correlation plot of the RR between the two methods. The limit of agreement was [−5.13, 4 .98] breaths/minute (standard deviation σ = 2.56 breaths/minute). The Pearson correlation coefficient was 0.78.
B. SLEEP APNEA EVENT DETECTION
We correlate the AHI provided by the ApneaLink device (flow signal) with the AHI obtained from the sleeping mat. The AHI derived from both systems was depending on the total time of the study. The severity of the apnea was graded based on the AHI value, i.e., mild (5 ≤ AHI < 15), moderate (15 ≤ AHI < 30), severe (AHI ≥ 30). The sensitivity and specificity were employed to appraise the performance of the sleeping mat against the ApneaLink device. In this research, the sensitivity represented the proportion of correctly identified apnea events, whereas the specificity represented the proportion of correctly identified non-apnea events. The results of the sleep apnea detection algorithm are presented in Table 4 . The statistical values were computed based on the severity of the apnea at 30% threshold value. The sensitivity and specificity were 24.24 ± 12.81%, 85.88 ± 6.01% for sleep apnea detection.
IV. DISCUSSION
In this study, the microbend fiber-optic sensor has been evaluated in a clinical setting for nonintrusive vital signs monitoring. Besides, the system has been also appraised toward nonintrusive sleep apnea detection.
Concerning vital signs monitoring, i.e., heart and respiratory rates, the system achieved very close results to the ApneaLink device (finger pulse sensor and respiratory belt). The average error was very small for both vital signs as shown in the overall results of Table 2 and Table 3 . Furthermore, the agreement between the reference ApneaLink and the sleeping mat was assessed using the Bland-Altman VOLUME 6, 2018 plot and the Pearson correlation coefficient, which revealed a very good agreement for both vital signs. Broadly speaking, the estimation of the respiratory rate for normal subjects was easier than the heart rate. This is because the amplitude of the dominant J-peak (equivalent to the R-peak of the electrocardiogram signal) of the BCG signal was not uniform throughout the entire signal. However, for sleep apnea patients, the estimation of respiratory rate was very challenging. This is because, for sleep apnea patients, the morphology of the respiratory signal varies quite a lot during time due to the absence or decrease of breathing that makes the respiratory rate difficult to compute. As shown in Fig. 9 , all the J-peaks of the BCG signal (1 st row) can be easily detected. However, the respiratory cycles (inhalations and exhalations) are difficult to detect from the signal (2 nd row). Thereafter, sometimes the respiratory peaks may not be detected correctly. It also can be noted that the Pearson correlation coefficient was 0.96 ( Fig. 7(b) ) for heart rate estimation, while the value was 0.79 ( Fig. 8(b) ) for respiratory rate estimation.
Regarding apnea detection, the reference ApneaLink device measures the sleep apnea using the flow signal through a nasal cannula, which may not be an appropriate choice for some groups of people. On the contrary, the proposed sleeping mat can be integrated into different ambient assisted living locations such as beds, cushions, chairs, etc.
In order to appraise the capacity of the mat for sleep apnea detection, we grouped the patient based on the AHI severity, as listed in Table 1 . In general, the system provided very low sensitivity and relatively high specificity as shown in overall results of Table 4 . The measured sensitivity was very low compared to the measured specificity because of a number of reasons that can be explained as follows. First, motion artifacts originated due to the body movements were extremely high, which is a normal behavior for sleep apnea patients. Second, for hypopnea events, the amplitude of the respiratory signal was very similar to the normal events. Third, for central apnea events, there were no any respiratory efforts, which was very difficult for the mat to detect.
In addition to above-mentioned reasons, there are other limitations, which have to be considered for the nonintrusive apnea detection. To start with, the small sample size, i.e., 10 patients and the short sleep time might have a negative effect on the measured statistics. Next, even though ApneaLink is a reasonable test in clinical settings, it still has lower sensitivity than a PSG. For more accurate results, the analysis should be performed in a natural sleep state with the PSG as a gold standard comparison.
V. CONCLUSION
In this article, a pilot feasibility study was proposed to evaluate the capability of a single mat with integrated microbend fiber optic sensor for nonintrusive monitoring of vital signs as well as the absence of breathing. The presented system is entirely nonintrusive without any wearable sensors attached to the patient's body. Ten patients diagnosed to have obstructive sleep apnea were recruited for the study. The microbend fiber-optic sensor mat was placed under the patient chest and stomach during a drug-induced sleep endoscopy. For vital signs, the system was able to achieve a very good agreement with the reference device despite the large body movements originated during apnea events. In addition, the mean absolute error for the mean heart rate and the mean respiratory rate was very small. On the other hand, the system provided very low sensitivity and relatively high specificity for sleep apnea detection. In which, we can infer that the microbend fiber optic sensor in the current study was not sensitive enough to discriminate between shallow breathing and no breathing. In order to overcome the shortcomings of the current study, we are now in the process of recruiting new patients for overnight PSG study. Currently, the system is being deployed at ten homes of senior adults (males and females) within an existing Ambient Assisted Living Platform for three months to study the sleep quality of the seniors further and assess their quality of life.
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